INTRODUCTION
The active, left-lateral Altyn Tagh fault system ( Fig. 1) Tapponnier, 1975, 1978; Tapponnier and Molnar, 1977) is the largest strike-slip fault system within the Indo-Asian collision zone and is thought to have played a central role in accommodating India's ongoing indentation into Eurasia (Peltzer and Tapponnier, 1988) . Although active deformation is concentrated along one principal trace, the Altyn Tagh fault, this trace is fl anked by a distributed set of secondary strike-slip and oblique-slip structures ( Fig. 1 ) (Cowgill et al., 2000; Jolivet et al., 2001; Liu, 1988; Xinjiang Bureau of Geology and Mineral Resources, 1993) . Thus, the Altyn Tagh system constitutes a northeast-striking left-lateral shear zone that is at least 100 km wide (Cowgill et al., 2003; Jolivet et al., 2001) . Although several major strike-slip systems are characterized by similarly broad zones of faulting, it remains unclear how these zones evolve during progressive deformation and what this evolution implies about the mechanical behavior of the continental lithosphere. In particular, does the breadth of these zones increase during progressive deformation, and if so, does this expansion indicate that the continental lithosphere deforms by strain-hardening processes (Cowgill et al., 2004 ; also see Holdsworth et al., 2001) ?
Between 85°E and 95°E longitude, the principal active trace of the Altyn Tagh system constitutes an en échelon set of fi ve, northeaststriking straight fault sections punctuated by four shorter, right-stepping, east-west trending The Akato Tagh bend along the Altyn Tagh fault, northwest Tibet 1: Smoothing by vertical-axis rotation and the effect of topographic stresses on bend-fl anking faults segments in the Sulamu Tagh, Akato Tagh, Mangnai, and Aksai regions (Fig. 1B) . We follow Crowell (1974) in referring to such geometric complexities as restraining double bends because the fault trace bends fi rst to the right and then to the left when followed along strike. Because the straight segments are systematically right stepping, there are no releasing double bends of equivalent size to the transpressional jogs along the Altyn Tagh fault. Flanking each restraining double bend are mountain ranges that are anomalously high relative to the surrounding regions (Figs. 1B and 2), suggesting that the double bends are localized sites of active horizontal shortening and rock uplift.
Restraining double bends such as those along the Altyn Tagh fault are key features along strike-slip faults because fault-parallel motion outside the bend produces convergence within the double bend (e.g., Crowell, 1974) . Thus, analysis of the amount and timing of deformation within the bend will yield insight into the history of strike-slip faulting along the adjacent fault segments. Bends and stepovers are also thought to exert a fi rst-order control on the initiation and extent of earthquake ruptures (e.g., Du and Aydin, 1995 and references therein; Nielsen and Knopoff, 1998; Segall and Pollard, 1980; Wesnousky, 1988) . In this study and a companion paper (Cowgill et al., 2004) we present an integrated bedrock and neotectonic investigation of the 90 km-long Akato Tagh range, the largest double restraining bend along the Altyn Tagh fault. Cowgill et al. (2004) investigates the age of the active trace relative to the Altyn Tagh system as a whole to explore the question of whether or not strain hardening is important in producing geometrically complex, multi-stranded strike-slip faults like the Altyn Tagh fault system. The present study lays the foundation for Cowgill et al. (2004) by exploring the relationship between the topography and bedrock structure of the bend. In particular, we address three questions. (1) What is the spatial distribution of anomalous topography within Base map was generated from the GTOPO30 1 km digital elevation data using GMT software developed by Wessel and Smith (1991) .
on September 13, 2012 gsabulletin.gsapubs.org Downloaded from the bend? (2) What structures produced this topography, and in particular, are the areas that fl ank the double bend cut by thrusts, similar to many other restraining bends? (3) What do the patterns of uplift and deformation tell us about the structural and topographic evolution of both this bend in particular, and restraining double bends in general?
The ~90-km-long Akato double bend (Figs. 1B and 2A) comprises three geometric segments ( Fig. 2A, inset ): a western section that strikes 070°, a central segment that strikes 087° between 88°37′E and 89°27′E longitude, and an eastern segment that strikes 067°. Where the segments join they create "inside corners" in the southwestern and northeastern sectors of the uplift ( Fig. 2A, inset ). Our investigation of the Akato Tagh range indicates that the bend is characterized by pronounced topographic and structural asymmetry and suggests that both the anomalous topography and fault-perpendicular shortening are concentrated within the two inside corners of the double bend. As we demonstrate, an important implication of such asymmetry is that the principal fault trace should undergo counterclockwise, vertical axis rotation during progressive deformation, thereby decreasing the bend angle and allowing the fault trace to smooth over time. This process may be important in helping to produce the decrease in fault-trace complexity with increasing total displacement that has been observed elsewhere (Wesnousky, 1988) . Although restraining double bends are commonly fl anked by thrusts, we observe that strike-slip faulting dominates within the Akato Tagh bend and that fault-perpendicular shortening has been absorbed by east-west trending folds. To explain the different styles of faulting within double bends, we postulate that the growth of topographic uplifts may alter the state of stress within some double bends and thereby favor strike-slip faulting adjacent to the bend.
In the following, we briefl y review previous work on the topography and structures within restraining bends and then summarize the structural context of the central Altyn Tagh fault and the Akato Tagh uplift. We then examine the topography of the bend. This topographic analysis is followed by an analysis of the bedrock deformation within the western half of the double bend that is based on our 1:100,000 structural mapping and analysis of fault-zone fabrics. In subsequent sections we integrate our analyses of the topography and bedrock structure to infer the pattern of deformation within the bend. We conclude by exploring the kinematics and mechanics of restraining double bends.
BACKGROUND

Restraining Bend Topography and Structure
Previous work has highlighted the important relationship between shortening within active strike-slip restraining bends and the generation of local zones of anomalously high topography. For example, the geomorphology of the Santa Cruz Mountains has been shown to result from on September 13, 2012 gsabulletin.gsapubs.org Downloaded from the combined effects of tectonic uplift due to shortening across a bend in the San Andreas fault and decay of the elevated regions by erosion (Anderson, 1990 (Anderson, , 1994 . Bürgmann et al. (1994) found that regions of rapid unroofi ng in the Santa Cruz bend correspond with areas of high local relief and steep drainage slopes and concluded that thrusting along faults adjacent to the bend plays a primary role in producing the uplift. A region of both anomalous topography and elevated rock uplift rate also coincides with the San Bernardino bend along the southern San Andreas fault (Spotila et al., 1998; Spotila et al., 2001; Spotila and Sieh, 2000) . Analog models of restraining double bends using sand (McClay and Bonora, 2001 ) and clay (Keller et al., 1997) demonstrated that bend angle and stepover width within the underlying basement fault together exert fi rst-order control on the geometry of the bend uplift. However, it remains to be determined if regional double bends such as the Akato Tagh are indeed underlain by such basement faults that do not change geometry during progressive deformation. Elastic dislocation modeling has also been used to predict the distribution of uplifts within restraining double bends and stepovers (Bilham and King, 1989) , and several comparisons between measured and modeled uplift patterns have been made (Bilham and King, 1989; Bürgmann et al., 1994; Kendrick et al., 2002 ). An important drawback of such dislocation models is that fault geometries are forced to remain static because most models do not explicitly account for fi nite strains, although attempts to address this problem have been made (e.g., Du and Aydin, 1995; Du and Aydin, 1993) .
In contrast to the simplicity of elastic dislocation models, most natural double restraining bends are characterized by considerable structural complexity that likely refl ects a similarly complex deformational history. Complex fault systems fl ank the Santa Cruz (Bürgmann et al., 1994) and San Bernardino (Spotila et al., 1998; Spotila et al., 2001; Spotila and Sieh, 2000) bends along the San Andreas fault, the Yammuneh double bend along the Dead Sea transform (Beydoun, 1999; Butler et al., 1997; Gomez et al., 2001 and references therein; Griffi ths et al., 2000; Walley, 1998) and several double bends along the North Gobi-Altai (Bayasgalan et al., 1999; Cunningham et al., 1996; Cunningham et al., 1997; Owen et al., 1999) and Gobi-Tian Shan (Cunningham et al., 1997) strike-slip systems in southern Mongolia. Along some of these double bends, thrust and/or reverse faults fl ank the principal fault trace, whereas others are fl anked by strikeslip faults and thus have a strikingly different structural style.
Structural Setting of the Central Altyn Tagh Fault
Early investigations of the Altyn Tagh fault based on Landsat image analysis and reconnaissance fi eld work documented active, left-slip (Tapponnier and Molnar, 1977) and the recurrence of large-magnitude earthquakes (Molnar et al., 1987a; Molnar et al., 1987b) . In contrast, recent studies have investigated the initiation age (Rumelhart, 1998; Yin et al., 2002) , total offset (Cowgill et al., 2003; Ritts and Biffi , 2000; Yin and Harrison, 2000; Zheng, 1991 Zheng, , 1994 , paleoseismic history (Chinese State Bureau of Seismology, 1992; Washburn et al., 2000; Washburn et al., 2001; Washburn et al., 2003) , and both the Quaternary (Meriaux et al., 1997; Meriaux et al., 2000; Meriaux et al., 1998; Van der Woerd et al., 2001 ) and active slip rates (Bendick et al., 2000; Shen et al., 2001) . Although the age of the active trace is debated, recent work indicates that the central segment of the system probably formed by ca. 49 Ma (Yin et al., 2002) , whereas deformation along the eastern part of the system was under way by at least 30 Ma (Rumelhart, 1998; Yin and Harrison, 2000; Yue et al., 2001) . The extent to which the central Altyn Tagh system accommodates signifi cant strike-perpendicular shortening is also contested. Wittlinger et al. (1998) and Bendick et al. (2000) have both argued that Tibet-Tarim relative motion is transpressional, being partitioned onto northwest-directed thrusting along the North Altyn fault and pure strike-slip motion along the principal trace of the Altyn Tagh fault. Studies by Cowgill et al. (2000) and Shen et al. (2001) do not support signifi cant fault-perpendicular motion along the North Altyn fault, suggesting the central Altyn Tagh fault system does not refl ect regional transpression along the northwest margin of the Tibetan Plateau.
TOPOGRAPHY OF THE AKATO TAGH UPLIFT
The highest portions of the Akato Tagh range lie within the two inside corners of the bend, as the two zones of white pixels (areas over 5500 m elevation) in the DEM of Figure 3A highlight. To investigate the relationship between the geometry of the Altyn Tagh fault and the topography of the Akato Tagh bend in more detail, we constructed a series of topographic profi les across the restraining bend uplift (Figs. 3B-D) . We assume that, to a fi rst order, regions of anomalously high topography within a restraining bend will generally correspond with regions of high surface and/or rock uplift rate rather than being controlled by variations in rock type or climate. Geologic mapping described below indicates that rock types are generally similar within the bend, and previous work on bends similar in size to the Akato Tagh support such an assumption (e.g., Anderson, 1994; Bürgmann et al., 1994; Spotila et al., 1998; Spotila et al., 2001; Spotila and Sieh, 2000) . We also assume that the structures absorbing fault-perpendicular shortening have generally uniform structural style so that horizontal motion is transformed into surface uplift in the same way throughout the bend.
Although the steep local relief of the Akato Tagh produces high amplitude, short wavelength variations along the topographic profi les in Figures 3C and 3D , their overall trends indicate that the topography is asymmetric both along and across strike. Fault-parallel profi les (Fig. 3C ) north of the main fault trace gradually rise from west to east. Starting at a regional elevation of ~3900 m, the profi les begin to climb at the western end of the bend, ramping up to a maximum elevation of ~5500 m before steeply dropping to ~3000 m, ~40 km past the eastern end of the bend. In contrast, the profi le along the Altyn Tagh fault is generally symmetric in that it rises steeply from an elevation of ~3800 m at the western end of the bend, plateaus at 4700 ± 500 m across the bend, and then drops steeply ~40 km past the east end of the bend to an elevation of ~3000 m. Fault-parallel profi les south of the active fault trace are skewed in the opposite sense as those to the north: they rise steeply and crest near the western end of the bend (Fig. 3C ) and then gradually decline eastward.
Along-strike variations are also evident in the cross-fault profi les (Fig. 3D ). In the western part of the bend, the uplift is narrower north of the fault than to the south, whereas near the eastern tip of the bend the opposite case holds. This set of profi les also indicates that on the north side of the bend the maximum width of the uplift is ~20 km and the regional elevation is ~3000-3500 m, whereas on the south side the maximum width is ~15 km and the regional elevation is ~3500-4000 m. The active trace does not coincide with the maximum elevation on any of these profi les, and instead lies within an axial valley.
In summary, the asymmetric topographic profi les indicate that the Akato Tagh consists of two topographic maxima, each of which lies within an inside corner of the bend (Fig. 3E) . The contoured fi elds in Figure 3E schematically represent this distribution of topography. One node is located ~5 km south of the fault, at the western tip of the bend, and a second is ~5 km north of the fault, at the eastern end of the bend. Not only are the mountains highest at the two nodes, they are also widest normal to the fault in these areas. Along strike, the width and height of these maxima both decrease in the direction of block motion. What controls the on September 13, 2012 gsabulletin.gsapubs.org Downloaded from observed topographic asymmetry of the Akato Tagh restraining bend?
BEDROCK GEOLOGY OF THE AKATO TAGH AREA
To understand the topographic asymmetry and determine how transpressional deformation has been absorbed within the Akato Tagh, we mapped bedrock and active deformation at various scales throughout the bend (Fig. 2 and Cowgill et al., 2004) . To investigate the bedrock deformation, we conducted 1:100,000 scale structural mapping in the western half of the bend in the Gasi area (Fig. 4) . This region includes the southwest inside corner. We also measured faultslip data and composite shear zone fabrics within brittle bedrock fault zones. To determine shear sense, we have used the criteria of Petit (1987) for brittle faults and the work of Cowan and Brandon (1994) , Chester and Logan (1987) , and Platt et al. (1988) for composite shear zone fabrics within gouge zones. Shear sense was also determined from the sense of rotation of asymmetric folds, where fold axes were found to lie within the plane of the fault at a high angle to the slip vector. For example, sinistral slip was inferred from steeply plunging folds with S asymmetry in downplunge view and axes lying perpendicular to subhorizontal fault striae. Brittle fault-slip data were also collected from small structures (microfaults) that were oriented parallel to the main fault either within the brittle shear zone or in rocks adjacent to the fault. Attitudes of planar features are reported as strike/dip using a right-handed, azimuthal convention. Thus, 070°/80° corresponds to a surface that strikes N70ºE and dips 80ºSE. Orientations of linear features such as slip vector azimuths are reported as trend/plunge with the trend in azimuthal format. We follow Twiss and Unruh (1998) and Gapais et al. (2000) in interpreting the brittle fault slip data in terms of kinematics rather than paleostress.
Altyn Tagh Fault
In the Gasi area (Fig. 4) the Altyn Tagh fault is expressed morphologically as an east-west trending axial valley that is typically ~1 km wide (Fig. 4 , see also Cowgill et al., 2004) . The valley is generally fl oored by Quaternary alluvium that conceals the underlying bedrock and is undeformed except in a narrow zone along the active trace. This trace typically lies near the southern edge of the axial valley and is generally defi ned by a series of discrete fault scarps having a component of south-side-up displacement (Fig. 4 and Cowgill et al., 2004) . Cowgill et al. (2004) addresses the question of net transport direction along the Altyn Tagh fault. In contrast to the discrete active trace, deformation within the underlying bedrock fault zone is distributed over a zone that is 500-1000 m wide. Although bedrock exposures are generally limited to the margins of the axial valley, within these exposures rocks generally show penetrative brittle deformation including fault breccia and welldeveloped, composite shear zone fabrics.
Considering the breadth of the breccia zone and the potentially long history of activity during which fault zone fabrics may have rotated, it is not surprising that fault-slip data within the shear zone are scattered (Figs. 5A and 5B). Despite this scatter, both a mean fault surface oriented 080°/70° and a clustering of striae about a mean of 090°/25° are evident, indicating that strike-slip predominates on this reach of the Altyn Tagh fault in spite of its oblique orientation relative to the fault segments outside the Akato Tagh bend. Because slip sense was not determined for these striae, they refl ect either dextral displacement with a small reverse component or sinistral displacement with a small extensional component. The latter is most likely considering the left-slip nature of the fault (e.g., Cowgill et al., 2004; Molnar et al., 1987a; Molnar et al., 1987b; Peltzer et al., 1989; Tapponnier and Molnar, 1977) . Note that the mean fault surface strikes slightly more northward than the 085° to 090° strike of the Altyn Tagh fault zone in this area (Fig. 4) .
Southern Strike-Slip Borderland
As Jamison (1991) fi rst described, primary elements of a strike-slip system include the master fault and the associated strike-slip borderlands. In the case of the Akato Tagh bend, the master fault is the active trace of the Altyn Tagh fault and we defi ne the strike-slip borderlands as the areas that lie within ~20 km on either side of this trace, because these regions coincide with the maximum width of the Akato Tagh range along the central segment of the bend (Figs. 2 and 3). Up to 15 km south of the main fault trace, this strike-slip borderland region is cut by a set of steeply dipping faults (Fig. 4 ) that parallel the main fault trace and bound structural panels that are characterized by upright folds. As indicated below, faults within this strike-slip borderland region are also predominantly leftslip, thus shortening across the western Akato Tagh appears to be absorbed primarily by these east-west trending folds.
Gasi Syncline
Between the Altyn Tagh and Gasi faults (Fig. 4) , metavolcanic (mv) and low-grade metasedimentary basement (msed2) are nonconformably overlain by a sequence of lower Jurassic (Liu, 1988 ; Xinjiang Bureau of Geology and Mineral Resources, 1993) sandstone and conglomerate. Exposures at sites 802-3 and 801-3 ( Fig. 4A ) indicate that this contact is depositional. The Jurassic sequence is deformed by the Gasi syncline, a west-plunging, faulted fold (Fig. 4A) . Geology around the Gasi and Anxi coal mines is structurally complex (Figs. 4B and 4C) and requires more detailed structural mapping to be fully understood. A northeaststriking fault with a sinuous map trace lies north of Xiong valley ( Fig. 4 ; southeastern part of the map) and juxtaposes Jurassic conglomerate in the east against low-grade metasedimentary rocks (msed2) in the west. Shallowly raking striae at station 820-2 (Fig. 4) suggest strike-slip along this fault. Both this fault and the Jurassic strata up to 10 km east are folded by the Xiong anticline and syncline. Both folds have northeast-trending axial traces. The Xiong syncline may be a continuation of the Gasi syncline to the west (Fig. 4 ).
Gasi and Anxi Faults
The east-west striking and steeply north-dipping Gasi fault is defi ned by a ~200 m thick zone of breccia and cataclasite. Two populations of striae are on the mean fault surface (Fig. 5C ). The dominant set plunges shallowly east and indicates left-slip. A less common set plunges steeply and indicates extension. Debrisfl ow breccias or glacial deposits of inferred Tertiary-Quaternary age (units QT? 1 and QT? 2 ) nonconformably overlie gneiss (gn3) south of the Gasi fault near the Gasi Coal Mine. The Tertiary-Quaternary (QT?) units are folded with upright axial surfaces (Fig. 4) . These immature coarse-clastic deposits are unconsolidated and appear to be derived from both underlying basement units and Jurassic strata.
The Anxi fault system (Fig. 4) consists of a set of steeply dipping brittle faults that roughly coincides with the range front between the Gasi and Xiong valleys (Fig. 4) . As the data in Figure 5D indicate, this fault is vertical (083°/89°) with gently raking striae that have a sinistral shear sense.
Northern Strike-slip Borderland
Keruke and Kumutashi Fault Zones
The active, left-slip Keruke fault (Fig. 4 ) crops out as a ~300 m wide zone of cataclasite and breccia. Within this shear zone, kilometerlong septae of marble evince both ductile and brittle deformation. A very similar structural style has been described from the Carboneras fault in Spain (Faulkner et al., 2003) . Kinematic data compiled from throughout this zone 1 Figure 4 is on a separate sheet accompanying this issue.
on September 13, 2012 gsabulletin.gsapubs.org Downloaded from on September 13, 2012 gsabulletin.gsapubs.org Downloaded from (Fig. 5F ) and from a single outcrop at station 823-3 ( Fig. 5E ) yield steeply dipping left-slip shear surfaces with striae and calcite-stretching lineations that plunge shallowly southwest. Total left separation along the Keruke fault is 23 ± 2 km, as indicated by the offset of the Kumutashi fault (Fig. 4) . Kinematic data (Figs. 5G-5H) collected adjacent to the poorly exposed Kumutashi fault indicate that the slip vector is oriented 293°/35°. Sinistral motion is indicated by the rotation sense of steeply plunging, decimeter-scale, foliation-folding folds that lie within the Kumutashi fault zone (Fig. 5H ).
Pujilike and North Makeqi Faults
The Pujilike fault coincides with a prominent break in slope in the western Kumutashi valley (Fig. 4) , although the fault does not cut intermediate or young Quaternary deposits (Cowgill et al., 2004) . The fault truncates compositional layering and foliation in the footwall and parallels compositional layering in the hanging wall. West of Pujilike valley, the Pujilike fault strikes northeast and has a straight map trace, indicating it dips steeply south (Fig. 4) . This map pattern changes ~6 km west of the western Kumutashi valley, indicating that the eastern half of the Pujilike fault strikes northwest and dips moderately southwest. Coincident with this change in fault strike is an increase in deformation along the fault: in the eastern area, massive phosphatic dolomite marble is brecciated by abundant millimeter-to centimeter-scale gouge zones adjacent to the fault. The fault was mapped at the base of this deformation zone because the breccia blocks appear to be derived from the marble-slate (mb-sl) unit in the hanging wall. Southwest-dipping microfaults near the base of this breccia zone are typically oriented 108°/48°, with striae that cluster ~253°/32° (Fig. 5I) . Left-reverse slip on the Pujilike fault is indicated by (1) the striae with sinistral slip indicators, (2) folds that trend at a high angle to the striae and record sinistral rotation, and (3) a hanging wall anticline at station 818-1 (Fig. 4) . If this slip direction is representative of motion along the mapped trace of the Pujilike fault, then left-slip occurred along the western segment of the Pujilike fault.
The north Makeqi fault (Fig. 4) lies 2-4 km south of the Pujilike fault, west of the Pujilike valley. The map pattern of this fault indicates the fault surface dips more steeply at low elevations than where it crosses high topography, suggesting the fault has a concave-down geometry. In the valley wall at station 814-4, a pair of shallowly plunging folds suggests that this fault has a reverse component of displacement.
Shortening Estimates
Structural mapping of the bedrock deformation along the western half of the Akato Tagh restraining double bend suggests that deformation is more intense up to 15 km south of the Altyn Tagh fault than it is to the north. Specifi cally, the mapping indicates that in the Gasi area, the southern strike-slip borderlands are characterized by larger minimum shortening estimates, more intense faulting, narrower fault-bounded panels, and tighter folds than in the area north of the main trace (Fig. 4) . There are several reasons to think that the strike-slip borderland structures formed along the central segment of the bend and thus refl ect the same deformation fi eld as the anomalous topography, rather than being inherited structures that have been transported into the bend region. Both existing maps (Chinese State Bureau of Seismology, 1992; Xinjiang Bureau of Geology and Mineral Resources, 1993) and our reconnaissance observations indicate that folds such as the Gasi syncline or the Xiong anticline are not present outside the bend region. In addition, active deformation along the western and eastern segments of the Akato Tagh bend is characterized by pure left-slip faulting (Cowgill et al., 2004) consistent with the idea that fault-normal shortening is restricted to the central part of the bend. Lastly, folding is the simplest mechanism for making the regions of high topography that is also consistent with the mapped structures.
In an attempt to evaluate the extent to which shortening differs between the northern and southern strike-slip borderlands, we have derived minimum shortening estimates for the Cenozoic, horizontal, north-south shortening within these two strike-slip borderland regions (Fig. 6) . However, these estimates must be viewed with considerable skepticism, because the local stratigraphic thicknesses are poorly known and out-of-plane motion is likely to be quite large. These estimates are also conservative because we intentionally assumed structural geometries that minimized shortening wherever the reconstructed cross sections were poorly resolved. We emphasize that the aim of this analysis is simply to gain a qualitative sense of the amount of shortening within the bend. In no way do we mean to imply that we have truly determined total shortening.
We estimate that north-south shortening is at least 9 km on the south side of the Altyn Tagh fault (Fig. 6) . This minimum is almost certainly too low because we have not accounted for north-south shortening in the structurally complex region between the Gasi syncline and the Gasi fault (Figs. 4A and 4C ). This estimate assumes that all faults in the southern strikeslip borderland are pure left-slip structures, consistent with the fault-slip data for the Gasi and Anxi faults (Figs. 5C-5D ). If this is an erroneous assumption, then our shortening estimate is too low. It also assumes that all folding refl ects regional north-south shortening across the bend with no component of wrench folding. We think that this is the simplest assumption, considering that the folds are located within a transpressional restraining double bend where shortening perpendicular to the master fault is to be expected. If wrench folding is signifi cant, then our minimum estimate is too high (e.g., Jamison, 1991; Krantz, 1995; Teyssier and Tikoff, 1998) . Along section B-B′ we have assumed chevron fold geometries, consistent with the style of deformation observed in the fi eld. Each fault-bounded panel was restored separately along this section. In section C-C′, the geometry of the Gasi syncline was estimated using the down-plunge view exposed in the map and by projecting the fold axis from near station 802-1 (Fig. 4A ) into the plane of section. The unconformity between the Jurassic sedimentary rocks and the underlying metavolcanic basement has been extrapolated over an inferred anticline in the north half of section C-C′. We assume this fold exists due to the presence of the Xiong anticline ~10 km to the east (Fig. 4A) , and that it has a form similar to the Gasi syncline.
Minimum north-south shortening is ~7 km on the north side of the Altyn Tagh fault, although it should be noted that this estimate is based on a poorly determined reconstruction of section D-D′ (Fig. 6 ). To derive this minimum estimate, we have only accounted for northsouth shortening due to displacement along the Pujilike fault. We ignore Cenozoic shortening within the gneiss (gn1) complex and along the Keruke and Kumutashi faults because we found no major brittle faults within the gneiss (Fig. 4) and because the faults are left-slip structures (Figs. 5E-5H ). We assume that the Pujilike fault is Cenozoic and related to deformation along the Altyn Tagh fault because it is brittle, strikes subparallel to the Altyn Tagh fault (Fig. 4) , has equal components of dip-slip and strike-slip (Fig. 5I) , and coincides with a prominent break in slope that may indicate it is still active. Estimation of slip along section D-D′ is diffi cult because we were not able to identify an offset marker common to both the mb-sl and marble+phyllite (mbph) units, or to establish the original relationship between them, although they are similar in terms of composition and metamorphic grade. However, the minimum offset along the Pujilike fault can be estimated by making two assumptions: (1) that the mb-ph unit overlies the mb-sl sequence, consistent with the reverse component of slip along the fault indicated by the fault-slip on September 13, 2012 gsabulletin.gsapubs.org Downloaded from (Fig. 5I) indicate that the fault plane and transport vector are oriented 108°/48° and 253°/32°, respectively. Transport vector (line a-c) thus rakes 46°W. Line of intersection between the fault and contact between mb-sl and mb-ph is oriented 273°/17°, derived from intersection between fault and footwall layering (266°/69°). Intersection line rakes 22°W in the fault plane. Minimum separation (P) of the contact is 6.5 km, based on assumptions described in the text and on the inferred fold geometry. Only 4.4 km of north-south shortening would be required if this separation were produced by pure dip-slip along the Pujilike fault. However, the minimum dip-slip component should be 10.7 km to account for the out-of-plane, corresponding to a minimum of 7.2 km of 008°-directed horizontal shortening along the 48° dipping fault, or 7.1 km of north-south horizontal shortening. To simplify the geometry, we have made the section perpendicular to the fault in the sketch (true angle is 100°).
on (Fig. 5I) , and (2) that the mb-sl and mb-ph units lie on the opposite limbs of an antiform, as suggested by their opposing dip directions and the hanging wall antiform near station 818-1 (Fig. 4A) . The reconstruction of section D-D′ described in Figure 6 gives a minimum of ~7 km of north-south horizontal shortening.
Restoration of inferred folding along section D-D′ would yield an additional 6 km of 008-directed shortening. This shortening is not included in the minimum estimate due to the likelihood that the folding predates Cenozoic slip along the Altyn Tagh fault. Specifi cally, penetrative, isoclinal folding and transposed layering within the mb-ph unit refl ects a phase of ductile deformation that predates the brittle Kumutashi, Keruke, and Pujilike faults. Although the age of this ductile deformation is undetermined, it may coincide with pre-Cenozoic ductile deformation that has been inferred elsewhere along the Altyn Tagh fault (e.g., Delville et al., 2001; Sobel et al., 2001 ). In addition, the mb-ph and mb-sl units may correlate with an isoclinally folded passive-margin unit north of Suekli (unpublished mapping by A. Yin and G. Gehrels) that also appears to have been folded prior to the onset of the Indo-Asian collision in the early Cenozoic.
INTERPRETED PATTERN OF DEFORMATION
Two main interpretations can be drawn from our investigation of the bedrock structure within the strike-slip borderlands along the central segment of the Akato Tagh restraining double bend. First, fault-perpendicular shortening along this segment of the bend appears to be asymmetric along strike. This asymmetric pattern of deformation appears to characterize double bends along other large strike-slip faults. Second, transpression in the strike-slip borderlands appears to be partitioned onto left-slip faults and upright folds that trend east-west, parallel to the central segment of the Altyn Tagh fault. The predominance of strike-slip faulting within the strike-slip borderlands of the Akato Tagh contrasts with restraining bends where shortening is accommodated by thrusting.
Concentrated Shortening within the Inside Corners
Taken together, the topographic analysis and shortening estimates described above suggest that fault-perpendicular shortening along the central segment of the Altyn Tagh fault is highest within the two inside corners of the bend. In particular, structural mapping indicates that fault-perpendicular shortening along the central segment is more intense up to 15 km south of the main trace than it is to the north (Fig. 4) . Comparison of this structural mapping with the topographic analysis (Fig. 3) indicates that this region of elevated shortening coincides with the node of high topography within the southwestern inside corner, suggesting that fault-normal folding was important in forming this area of high topography. Figure 3 further indicates that the pattern of topography in the eastern half of the Akato Tagh uplift is the reverse of that in the west: the uplift is higher and wider north of the main trace than it is to the south. It is presently unclear how shortening is absorbed in the eastern half of the bend because this area has not been mapped in detail. The northern range front may be fault-bounded because it is morphologically sharp. However, this front is clearly overlapped by undeformed alluvial fans (Cowgill et al., 2004) , indicating that this suspected fault is either no longer active or it moves at a slow rate. Active shortening within the northeastern sector of the Akato Tagh may also be absorbed by fault-parallel folds, left-reverse faults within the high topography up to 10 km south of the range front, or along blind thrusts (Herquel et al., 1999; Molnar et al., 1987a; Molnar et al., 1987b; Wittlinger et al., 1998) .
Although it remains unclear how shortening is accommodated at the east end of the Akato Tagh bend, the correlation between the region of intense deformation and the area of high topography at the western end of the bend suggests that the asymmetric concentration of anomalous topography within the northeastern corner of the Akato Tagh bend refl ects a similarly asymmetric deformation fi eld. Mapping reported in Cowgill et al. (2004) indicates that Quaternary units are also asymmetrically distributed throughout the Akato Tagh bend, supporting the idea that uplift rates are highest within the two inside corners.
Several restraining double bends along other major strike-slip faults appear to have asymmetric patterns of topography and deformation similar to the Akato Tagh. One example is the Santa Cruz-Gabilan double bend in the northern San Andreas fault (Fig. 7A) . Although the inside corner in the Santa Cruz area had less co-seismic surface uplift in the 1989 Loma Prieta earthquake than regions outside of the bend (Lisowski et al., 1989) , various indicators suggest that this pattern is the reverse of the long-term tectonic uplift (Bürgmann et al., 1994) . Rocks within the inside corner yield Late Miocene to Pliocene apatite fi ssion track ages whereas ages outside the corner are Late Cretaceous to Early Paleocene, indicating denudation rates within the corner are higher than outside the bend (Bürgmann et al., 1994) . The highest elevations, steepest slopes, and largest local relief all occur within ~10 km of the fault, directly northeast of the bend and within the inside corner (Bürgmann et al., 1994) . The Gabilan Range defi nes a second topographic node at the south end of the bend (Fig. 7A) , although it remains to be determined if this topographic high coincides with a region of elevated fault-perpendicular shortening and rock uplift. The Nemegt Uul bend along the Gobi-Tian Shan fault system (Owen et al., 1999) is also characterized by concentration of high topography within the inside corners of the bend. A right step in this east-west striking, left-lateral system forms inside corners in the northwestern and southeastern sectors of the uplift. The highest elevations and steepest relief within the Nemegt Uul are located within the southeastern inside corner (Owen et al., 1999) .
Mechanical models predict that shortening should be focused into the two inside corners on September 13, 2012 gsabulletin.gsapubs.org Downloaded from of a restraining double bend. For example, Bird (1999) used a thin-plate model to calculate the continuum strain rate in the vicinity of a right step along a left-slip fault. Strain rate contours are notably asymmetric around the modeled step with the highest rates occurring within the inside corners of the bend in a pattern similar to that shown by the topography around the Akato Tagh (e.g., compare our Fig. 3E with Fig. 5 of Bird, 1999) . Bilham and King (1989) used boundary element methods to compute the spatial distribution of strain around geometric complexities along strike slip faults. Inasmuch as these linearly elastic models serve as fi rst-order approximations to nonlinear crustal deformation, they indicate that when the bend angle is low, dilatational strains can be concentrated at the tips of the on September 13, 2012 gsabulletin.gsapubs.org Downloaded from double bend, rather than in the center (e.g., see Fig. 4 of Bilham and King, 1989) .
Partitioned Deformation in the Strike-Slip Borderlands
The mapping and fault-slip data presented above indicate that transpressional deformation is partitioned within the strike-slip borderlands adjacent to the Akato Tagh restraining bend. In particular, bend-parallel displacement is accommodated by strike-slip faulting along a set of high angle faults that dips toward the main fault trace whereas bend-perpendicular shortening is absorbed by folding of the panels that lie between these strike-slip faults. Although the gross fault geometry is similar to that seen in other restraining bends (e.g., Sylvester, 1988; Woodcock and Fischer, 1986) , the Akato Tagh bend is unusual in that its strikeslip borderland deformation is dominated by strike-slip faulting, rather than thrusting. To distinguish restraining double bends (such as the Akato Tagh) that are fl anked by strike-slip faults from those that are fl anked by thrusts, we refer to the former as "strike-slip dominated" and the latter as "thrust-dominated" bends. Below we speculate on the mechanics of these different types of bends.
Classic examples of thrust-dominated bends exist along the San Andreas fault in California, including the Santa Cruz bend (Fig. 7A ) (Anderson, 1990 (Anderson, , 1994 Bürgmann et al., 1994) and Wheeler Ridge along the Big Bend (Medwedeff, 1989 (Medwedeff, , 1992 . Additional examples from other strike-slip faults include the Montejunto bend along the Cercal fault in Portugal (Curtis, 1999) and a bend along the North Owl Creek transfer fault system in Wyoming (Paylor and Yin, 1993) .
Although Woodcock and Fisher (1986) presented a number of examples of strikeslip dominated bends, the Yammuneh bend (Fig. 7C ) along the Dead Sea Transform appears to be a particularly good example of this style of deformation. Like the Akato Tagh, the strike-slip borderlands fl anking the Yammuneh bend are deformed by folds and strikeslip faults (Fig. 7C) (Beydoun, 1999; Butler et al., 1997; Gomez et al., 2001 and references therein; Griffi ths et al., 2000; Walley, 1998) . Major strike-slip fault strands within the bend include the Yammuneh, Serghaya, Ghab, and Roum faults. This system has been interpreted as a braided strike-slip system (Walley, 1988) . The Yammuneh bend differs from the Akato Tagh bend in that conjugate strike-slip faulting is better developed whereas folding is less pronounced than along the Akato Tagh (e.g., compare Fig. 7C with Fig. 4 ).
Although the Santa Cruz and Akato Tagh bends serve as end-member examples of thrustand strike-slip-dominated bends, respectively, there appears to be a spectrum of bend styles with some bends showing intermediate deformational modes. For example, transpressional deformation within the San Gorgonio bend along the San Andreas fault (Fig. 7B) is accommodated both by thrusting along the Santa Ana and North Frontal Thrust systems and strikeslip slivering/vertical extrusion of the Wilson Creek and Yucaipa blocks (Fig. 7B) (Spotila et al., 1998; Spotila et al., 2001; Spotila and Sieh, 2000) . This "mixed-mode" of deformation also appears to characterize several restraining bends in Mongolia, including the Chandiman Uul (Cunningham et al., 1996) and Artsa Bogd bends (Cunningham et al., 1997) along the sinistral North Gobi Altai fault system, as well as the Nemegt Uul bend along the sinistral Gobi-Tian Shan fault system (Cunningham et al., 1996; Owen et al., 1999) . In the Mongolian cases, the restraining-bend uplift is fl anked by moderately to steeply dipping faults that root beneath the range. The panels that lie between these fault strands are typically folded. Although these strike-slip borderland faults were described primarily as thrusts, reported fault-slip data (Cunningham et al., 1996; Cunningham et al., 1997) indicate that strike-slip motion predominates along a number of these structures.
DISCUSSION
The pattern of deformation within the Akato Tagh double bend as interpreted from our structural mapping and topographic analysis has three main implications. First, focusing of bend-perpendicular shortening into the two inside corners of a double bend can cause the central fault segment to undergo vertical-axis rotation, thereby reducing the bend angle and smoothing the fault trace with progressive deformation (Fig. 8) . Second, the observed deformation fi eld can be used to estimate the age of the bend (Fig. 9) . Third, changes in fault strength or variations in the state of stress due to an evolving topographic load may be important in controlling the mechanics of faulting around restraining double bends and may explain why some bends are thrust-dominated whereas others are fl anked by strike-slip faults (Figs. 10-12 ). In the sections that follow we discuss each of these hypotheses in more detail.
Bend Rotation
If the regions adjacent to the fault behave as two purely rigid blocks, shortening and surface uplift within the double bend should be uniform along strike and the bend angle should remain essentially constant during progressive deformation (Fig. 9A) . If bend-perpendicular shortening is concentrated into the two inside corners of a restraining double bend, however, then the principal fault should undergo verticalaxis rotation during progressive deformation if it continues to occupy the same surface within the bend (Fig. 8A) . Subsidiary fault strands adjacent to a bend, such as the Pujilike and Anxi faults in the case of the Akato Tagh bend (Figs. 2  and 4) , create fault-bounded slivers that can be thought of as either subsidiary blocks or part of a strain-softened zone that borders the principal fault. In this case, the total, far-fi eld shortening across the bend can be uniform along strike, but the deformable zones can allow along-strike variations in where that shortening is absorbed. As a result, the principal fault trace can undergo vertical-axis rotation. In the case of the Akato Tagh bend, we infer that shortening within the deformable zone is largest in the southwestern and northeastern sectors of the uplift. Such along-strike asymmetry in shortening should cause the western end of the central segment of the Altyn Tagh fault to move south relative to the eastern end, producing a counterclockwise rotation of the trace of the Altyn Tagh fault during progressive deformation (Fig. 8A ). This counterclockwise rotation is consistent with that expected inside a zone of sinistral shear.
Counterclockwise, vertical-axis rotation of fault-bounded blocks within sinistral restraining double bends has been demonstrated in analog experiments (Keller et al., 1997; McClay and Bonora, 2001) . Likewise, rotation of the principal fault trace appears to have occurred within the Yammuneh bend in the Dead Sea transform (Fig. 7C) . Paleomagnetic data indicate that rocks within the southwestern inside corner of the bend have undergone 69° ± 13° of counterclockwise, vertical-axis rotation (Ron, 1987; Ron et al., 1984) . Ron et al. (1990) argued that these rotations were produced by domino-style slip on multiple sets of dextral strike-slip faults that accommodated distributed strike-slip shear of the strike-slip borderland region, in which case the principal fault does not rotate over time. Westaway (1995) provided a kinematic model involving bend rotation to explain these data. An alternative idea is that the vertical-axis rotation results from the concentration of bend-perpendicular shortening into the two inside corners of the bend (e.g., Fig. 8A ).
Vertical-axis rotation of a restraining bend via along-strike variations in the strain fi eld will lengthen the principal fault trace as deformation progresses, assuming that the bend width (the fault-perpendicular distance between the two straight segments outside the bend) does not on September 13, 2012 gsabulletin.gsapubs.org Downloaded from change. Strike-slip faulting in the strike-slip borderlands may help to accommodate this fault-parallel extension as the bend rotates to progressively lower angles. Zachariasen and Sieh (1995) illustrated this process for the releasing stepover between the Homestead Valley and Emerson Faults in the Mojave Desert of southern California (e.g., see their Fig. 10) .
Vertical-axis rotation of a restraining double bend will cause it to smooth as deformation progresses, because both the bend angle and the degree of transpression across it will decrease as the bend rotates. Thus, the two-node mode of deformation facilitates progressive fl attening of a restraining double bend in a process similar to footwall collapse of a ramp within a thrust system. As a result, restraining double bends in which fault-perpendicular shortening is concentrated within the two inside corners will gradually smooth themselves with progressive deformation. Wesnousky (1988) showed that the number of fault steps per unit length of fault decreases as a function of total offset along the strike-slip fault. The process of bend smoothing by vertical-axis rotation during progressive deformation described here is one potential mechanism to produce such observed reduction in fault-zone complexity during progressive deformation. Washburn et al. (2003) calculated a steps/length value of 0.006 for a 700 km long reach of the Altyn Tagh fault between ~86°E and 92°E, similar to values for the Garlock (0.004) and Whittier-Elsinore (0.009) faults, which have total offsets of 64 km and 10-40 km, respectively. The high steps/length value for the Altyn Tagh fault supports the idea that both the Akato Tagh bend and the active trace of the Altyn Tagh fault are young (below and Cowgill et al., 2004) and have not accumulated the full 475 ± 70 km of total displacement along the Altyn Tagh system determined by Cowgill et al. (2003) .
How Old is the Bend?
The section on concentrated shortening within the inside corners (above) proposes an interpretation in which the asymmetric topography and our structural mapping of the Akato Tagh are taken together to indicate that shortening is asymmetrically distributed within the restraining double bend. Further work is needed to test this model, particularly structural mapping of the eastern half of the bend. To accommodate this uncertainty, each of the following four independent age estimates emphasizes a different aspect of the geometry and structural style of the bend: whereas some of these perspectives are consistent with our hypothesis regarding the deformation fi eld, others presume alternative patterns of deformation. We adopt this approach so as to evaluate the range in bend ages implied by reasonable models for its evolution.
Estimate #1: Mass Balance
The fi rst calculation is a simple mass-balance estimate. Specifi cally, it combines an estimate of the amount of excess crust within the uplift with a simple model relating slip on the straight sections to fl ux of crust into the bend (Figs. 9A  and B) . The cross-fault topographic profi les (Fig. 3D) indicate that the regional elevation outside the Akato Tagh is ~3500 m. We calculate ~3100 km 3 of rock lies above this elevation in the vicinity of the Akato Tagh. To obtain a maximum age, we maximize the volume of thickened crust by assuming that it is locally compensated via Airy isostasy (Fig. 9B) . In this case the volume of the root (V r ) needed to support the topographic volume (V t ) is given by V r = V t [ρ c /(ρ m -ρ c )] (Turcotte and Schubert, 1982) , and V t = 3100 km 3 , then V r = 17400 km 3 , giving 20500 km 3 as a maximum for the volume of excess crust presently contained within the double bend. As Figure 9A demonstrates, for a double bend of length L and angle β, slip of amount S outside the double bend introduces volume V = h S L sinβ of crust into the double bend, where h is the thickness of the crust outside the double bend. Using V = 20500 km 3 , L = 90 km, β = 20°, and h = 56 km (Ma, 1980) indicates S is 12 km. At slip rates of 10-30 mm/y the double bend is only 1.2-0.4 million years old. If only the upper crust thickens within the bend (i.e., h = 20 km) then S = 33.3 km and the double bend is 3.3-1.1 million years old. These values overestimate the age of the bend if the range is fl exurally supported, because fl exural support of the topography reduces the volume of excess crust that is stored within the root. They underestimate the age of the bend if mass has been removed, for example by erosion. Large magnitudes of denudation in the mapped area are unlikely, because rocks north of the fault comprise low grade slate and marble whereas those to the south are unmetamorphosed Jurassic sedimentary rocks that unconformably overlie crystalline basement rocks. Anderson (1990 Anderson ( , 1994 explored both the generation of topography and its decay due to geomorphic attack as crust is advected through a restraining bend along a strike-slip fault. That analysis inspires a second estimate for the age of the bend that is derived from considering the fault-parallel extent of the uplifted topography (Fig. 9C) . For this estimate, we assume that the topography is generated only in the two inside corners and is then transported passively along the fault. In this case, the fault-parallel extent of elevated topography provides an estimate for the magnitude of slip since the double bend formed. Because the topography decays as it is transported (e.g., Anderson, 1994) , this estimate is a minimum. Although this model is not consistent with our preferred interpretation for how the bend formed, we consider it so as to entertain a competing model for bend evolution. Both north and south of the fault, elevated topography extends for ~90 km west and east, respectively, of the inside corners, suggesting a total of 180 km of left slip. It would take between 6 and 18 million years to accumulate this amount of offset at rates of 30-10 mm/y.
Estimate #2: Topographic Advection
Estimate #3: Bend Rotation
The third method uses the inferred vertical-axis rotation of the bend and its present σ 1 is fi xed (i.e., ϕ is held constant) . Thus, when the fault fi rst forms (Point 1), σ 3 is vertical and σ 2 is horizontal (i.e., ω = 90°). As µ decreases, ω will decrease and ψ will increase so that in the fi nal state (Point 4) σ 2 is vertical and σ 3 is horizontal (i.e., ψ = 90°). See text for additional assumptions and discussion.
on September 13, 2012 gsabulletin.gsapubs.org Downloaded from geometry to calculate an age based on estimates of the magnitude of the shear strain (Fig. 9D) . For this calculation, we assume that the stepover spacing (W) between the western and eastern fault segments remained constant, because we see no structural evidence of largemagnitude fault-perpendicular shortening or extension along the western and eastern segments of the Akato Tagh bend (e.g., Cowgill et al., 2004) such as would be expected if the stepover width had changed. We also adopt an extreme initial bend geometry in which the central fault segment starts perpendicular to the western and eastern fault sections (Fig. 9D) . This assumption is very likely wrong. For example, experiments by McClay and Bonora (2001) demonstrated that the morphology of restraining bend uplifts is sensitive to initial fault geometry, and comparison between the model uplifts and the Akato Tagh suggests that 90° is too large. On the other hand, it is unclear if the models of McClay and Bonora (2001) accurately represent large bends like the Akato Tagh because these simulations fail to account for erosion, pore-fl uid effects, or the thermal and fl exural effects of faulting, and they also adopt a simple geometry in which an initially undeformed and homogenous Navier-Coulomb material overlies a localized "basement" fault. In the end, we assume an initial 90° bend because this will maximize the amount of rotation and thereby provide an upper bound for the bend age. Rotation from a 90° to 20° bend angle over a 31 km wide zone corresponds to a shear strain (γ) of 2.747 (Fig. 9D ) and a total slip of ~85 km. It would take no more than 8.5 m.y. to accumulate this amount of rotation at slip rates of 30-10 mm/y.
Estimate #4: Shortening
A fi nal age estimate can be derived using the minimum amounts of shortening discussed above. Figure 6 indicates that the minimum north-south shortening at the western end of the bend is 16 km, although this could be as high as 22 km if the folding north of the Altyn Tagh fault is included. These north-south shortening values correspond to minimum strike-slip offsets of 47 and 64 km, respectively, along the western and eastern segments of the bend, assuming that the geometry of the bend remains constant and that motion outside the bend is parallel to the ~070-striking fault sections. At slip rates of 30-10 mm/y, the bend would only need to exist for 1.6-4.7 m.y. to accumulate 47 km of offset or for 2.1-6.4 m.y. if the minimum offset is 64 km. These age estimates are minimum values, like the offset estimates upon which they are based.
Bend Age Versus Age of Altyn Tagh System
Of the four independent estimates, two give upper bounds on the age of the Akato Tagh bend. Importantly, both estimates appear to be too low for this structure to be as old as the Altyn Tagh fault system as a whole. This discrepancy either indicates that our age estimates are erroneous or that the double bend formed after the Altyn Tagh fault system developed. Addressing the discrepancy in the age of the Akato Tagh and the Altyn Tagh system is a main theme of Cowgill et al. (2004) because it is unlikely that the age estimates are so far in error that the bend and the system can be the same age. For example, if the double bend has existed since the Altyn Tagh system fi rst formed at ca. 49 Ma (Yin et al., 2002) , then it should contain more than an order of magnitude more excess crust than we estimate is within the double bend. Although we have tried to maximize the volume of excess crust within the double bend, and thus its age, our estimate is simplifi ed in that it does not account for crust lost from the uplift via erosion, subduction of part of the crustal root, or lower crustal fl ow (e.g., Avouac and Burov, 1996; Bird, 1991; McKenzie et al., 2000; Royden, 1996) . It seems unlikely that a signifi cant volume of crust has been lost via erosion, because the preservation of unmetamorphosed Jurassic rocks within the topographic maxima in the Gasi area indicates exhumation is limited to less than 5 km: based on reported stratal thicknesses near the western edge of the Qaidam basin (Lee, 1984; Métivier et al., 1998 , and references therein), no more that 3.5-4.5 km of Cenozoic deposits appears to have capped the Jurassic rocks prior to their unroofi ng within the Akato Tagh bend.
Strike-slip versus Thrust-Dominated Restraining Bends
Why are the Akato Tagh strike-slip borderlands cut by strike-slip faults instead of thrusts, and why are some restraining double bends thrust-dominated whereas others are fl anked by strike-slip faults? We speculate that local perturbations in the state of stress in the immediate vicinity of a restraining double bend determine the extent to which thrust-or strike-slip faults predominate in the adjacent strike-slip borderlands (Fig. 10) . According to classical faulting theory (e.g., Anderson, 1951) , the principal stress axes around a strike-slip faults should be oriented such that σ 1 = σ H , σ 2 = σ v , σ 3 = σ h , where σ 1 >σ 2 >σ 3 are the principal stresses, σ v is the vertical stress, and σ H and σ h are the maximum and minimum horizontal stresses, respectively. We suggest that thrust-dominated bends refl ect a local state of stress that is σ H = σ 1 , σ h = σ 2 , σ v = σ 3 (Fig. 10A) , whereas strike-slip dominated bends develop when σ H = σ 1 , σ h = σ 3 , and σ v = σ 2 (Fig. 10C) . Mixed-mode bends might refl ect σ H = σ 1 , σ h = σ v = σ 2 = σ 3 (Fig. 10B ) so that both strike-slip and thrusting can occur within the strike-slip borderlands.
There are several reasons to expect departures from classical faulting theory inside a bend. Both analytical and numerical models indicate that changes in the strike of a strikeslip fault are likely to cause the state of stress within geometric complexities to deviate from that in the far fi eld (e.g., Chester and Chester, 2000; Chester and Fletcher, 1997; Saucier et al., 1992; Segall and Pollard, 1980) . In addition, the state of stress adjacent to major faults appears to be strongly controlled by fault strength (e.g., Ben-Avraham and Zoback, 1992; Bunds, 2001; Mount and Suppe, 1987; Zoback et al., 1987) , although the extent to which faults are weak has been questioned (Scholz, 2000; Scholz and Saucier, 1993) . Borehole breakouts, earthquake focal mechanisms and fold orientations along the San Andreas fault all indicate that σ 1 trends roughly perpendicular to the fault, in turn suggesting that the fault is too weak to support the shear stresses expected from the oblique orientation of σ 1 in the far fi eld (e.g., Mount and Suppe, 1987; Townend and Zoback, 2000; Zoback et al., 1987) . The presence of thrusts and thrust-cored folds in the San Andreas strike-slip borderlands further suggests that σ v = σ 3 adjacent to the fault .
We suggest that two processes may be important in controlling the differences in the state of stress and thus structural style seen within restraining bends: (1) progressive changes in the effective strength of faults in the strike-slip borderlands (Fig. 11) , or (2) progressive changes in the state of stress within the strike-slip borderlands resulting from the growth of restraining bend topography (Fig. 12) . The basic elements of these two speculations are outlined below, although a complete mechanical analysis of these hypotheses is beyond the scope of the present study.
Evolving Fault Strength
One way to produce variations in the style of strike-slip borderland faults is to allow their strength to decrease as deformation progresses (Fig. 11) , and Holdsworth et al. (2001) have recently reviewed mechanisms and examples by which such fault-zone weakening may occur. For the present analysis, assume that the angles between the pole to the fault surface and the σ 1 , σ 2 , and σ 3 , axes are ϕ, ω, and ψ, respectively. These values are related by (cos ϕ) 2 + (cos ψ) 2 + (cos ω) 2 = 1 (Jaeger and Cook, 1969) . We start with the assumption that σ 1 trends at a high angle to the fault and that σ H = σ 1 , σ h = σ 2 , σ v = σ 3 inside the restraining double bend, such as might be the case along a bend in a weak fault. We further presume that the strike-slip borderlands are initially undeformed, that they follow Byerlee's law (i.e., µ = 0.60), and that they fail according to classical faulting theory. In this case, the strikeslip borderland faults should initiate as thrusts that dip ~30° and strike subparallel to the central segment of the bend. Point 1 on Figure 11 shows the state of stress when the strike-slip borderland fault fi rst forms and indicates that ϕ = 60°, ω = 90°, ψ = 30° in this initial stage. Now consider the effect of decreasing fault strength (µ) while keeping both the magnitudes of σ 1 , σ 2 , and σ 3 and angle ϕ fi xed (i.e., the fault does not rotate and the trend of σ 1 at a high angle to the main strike-slip fault is fi xed by the weakness of the master fault). As Figure 11 indicates, weakening of the fault should cause the σ 2 and σ 3 principal stresses to rotate relative to the fault in the strike-slip borderland. For example, Point 2 on Figure 11 shows that when µ = 0.47, ψ = 50° and ω = 54.5°, whereas Point 3 indicates that when µ = 0.33, ψ = 70° and ω = 37.3°. Eventually σ 2 and σ 3 switch their orientations relative to the initial state represented by point 1: Point 4 on Figure 11 shows that when µ = 0.28, ψ = 90°, and ω = 30°. Thus, in the fi nal state, σ H = σ 1 , σ h = σ 3 , and σ v = σ 2 . Figure 11 suggests that progressive fault weakening might convert strike-slip borderland thrusts into strike-slip faults, thereby explaining the various styles of faulting seen adjacent to double restraining bends (e.g., Fig. 7 ). This model predicts that faults adjacent to thrustdominated bends should be strong whereas faults fl anking strike-slip dominated bends are weak. The model also predicts that the strikeslip borderland faults should dip gently. Thus, we do not favor this model for the Akato Tagh, because the strike-slip borderland faults dip steeply (Figs. 4 and 5 ).
Evolving State of Stress Due to Growing Topography
The importance of topography in affecting the state of stress within the lithosphere has been demonstrated by a number of studies (e.g., Fleitout and Froidevaux, 1982; Molnar and Lyon-Caen, 1988; Richardson and Coblentz, 1994) , and includes work specifi cally on the topographic stresses associated with linear ridges and small slopes (Liu and Zoback, 1992; McTigue and Mei, 1981; Savage and Swolfs, 1986) . Thus, a second possibility is that the topography along restraining double bends may perturb the local state of stress and thereby produce the different structural styles in Figure 7 . According to this idea, bends with minimal topography are predicted to be thrust-dominated (σ H = σ 1 , σ h = σ 2 , and σ v = σ 3 ), whereas bends containing large topographic uplifts are predicted to be strike-slip dominated (σ H = σ 1 , σ h = σ 3 , and σ v = σ 2 ). An important implication of this idea is that the style of faulting within a restraining bend might change systematically as deformation progresses and the topographic relief within the bend grows.
In this second analysis we again assume that 1) the geometric complexity along the strike-slip on September 13, 2012 gsabulletin.gsapubs.org Downloaded from fault produces an initial state of stress within the bend that is σ H = σ 1 , σ h = σ 2 , σ v = σ 3 , 2) that σ 1 trends at a high angle to the main strike-slip fault, and 3) that the strike-slip borderlands fail according to classical faulting theory. We further assume that σ h and σ H are tectonically controlled and remain constant in magnitude while σ v is lithostatic (i.e., σ v = ρgh, where ρ is rock density, g is gravitational acceleration, and h is depth).
To illustrate the effect of growing topography, consider how the state of stress changes at Point A that lies at an initial depth d 1 within the restraining double bend shown in Figure 12 . When deformation fi rst starts (Fig. 12A) , the state of stress at point A is σ H = σ 1 , σ h = σ 2 , σ v = σ 3 and the bend is thrust-dominated. As deformation progresses (Fig. 12B) , the amount of bend-perpendicular shortening should increase (e.g., Fig. 8A ), thereby causing the bend uplift to grow. As a result, the magnitude of σ v at point A might increase until σ v = σ h (Fig. 12B) , thereby converting the bend from thrust-dominated to mixed-mode (Fig. 7C) . With continued shortening and growth of the uplift (Fig. 12C) , the magnitude of σ v might eventually exceed σ h , producing a state of stress at point A that is σ H = σ 1 , σ v = σ 2, σ h = σ 3 and thereby converting the bend from mixed-mode into strike-slip dominated.
Several observations support our postulate that topographic stresses may be important in controlling the style of faulting along the Altyn Tagh fault, particularly around the Akato Tagh bend. Structural mapping of the western half of the bend (Fig. 4) indicates that strike-slip faults are present where the bend uplift is highest ~5 km south of the Altyn Tagh fault, but that oblique slip occurs up to ~8 km north of the main fault, where the topography is lower. In addition, the style of faulting along the main trace of the Altyn Tagh fault appears to depend on whether or not the fault lies at the crest or the base of the topographic step that defi nes the northwest margin of the Tibetan Plateau (Fig. 12D) . The fault crosses this ~2000 m high topographic front between 91°E and 93°E, near Lapeiquan (Fig. 1) . The Altyn Tagh fault lies near the crest of the mountain front and has a small component of fault-perpendicular extension ~50-130 km west of Lapeiquan (Peltzer et al., 1989; Washburn et al., 2003; Washburn et al., 2001) . In contrast, 10 km west of Subei (Fig. 1) , the fault lies at the base of the topographic margin and has a component of fault-perpendicular shortening . As Figure 12D indicates, these along-strike differences in the style of faulting are consistent with the idea that the style of deformation may be infl uenced by topographically induced variations in the state of stress along or adjacent to the Altyn Tagh fault, but these differences could also be due to subtle variations in fault geometry (i.e., a gentle releasing and restraining bends in the Xorkoli and Subei regions, respectively).
CONCLUSIONS
The following conclusions can be drawn from our investigation of bedrock deformation along the Akato Tagh restraining double bend.
1. Topographic profi les both along and across the Altyn Tagh fault indicate the Akato Tagh uplift is asymmetric. The highest and widest areas of the range are expressed as two topographic maxima located within the inside corners of the double bend.
2. Structural mapping of the Gasi area, along the western half of the Akato Tagh bend, indicates that transpressional deformation is partitioned into fault-parallel strike-slip motion along east-west striking left-slip faults and fault-perpendicular shortening along similarly oriented folds on the south side of the fault.
3. The node of high topography within the southwestern inside corner of the bend coincides with a region of apparently locally elevated strain. We conclude that the other topographic high in the northeastern inside corner is probably underlain by another region of strong fault-perpendicular shortening. In this case, the asymmetric distribution of topography should refl ect a similar asymmetry in the distribution of fault-perpendicular shortening.
4. Concentration of fault-perpendicular shortening into the two inside corners of a left-lateral restraining double bend may cause the principal fault to undergo clockwise vertical-axis rotation with progressive deformation. Such rotation may cause the bend angle, and thus the degree of transpression across the bend, to decrease progressively, thereby smoothing the bend and allowing this geometric complexity to heal.
5. Using the kinematics of deformation around the Akato Tagh bend and previous determinations of slip rate along the Altyn Tagh fault, we derived four estimates for the age of the bend. These estimates indicate that the bend is most likely only a few m.y. old, and that it is no more than ~18 m.y. old. All four of these estimates indicate the double bend is considerably younger than the Altyn Tagh fault system. Thus, either the active trace is old and has only recently been deformed to form the double bend, or both the active trace and the double bend are young.
6. The predominance of strike-slip faulting in the strike-slip borderlands of the Akato Tagh bend differs from the thrusting that characterizes several other restraining double bends. To explain this difference, we suggest that local variations in the state of stress may control the style of faulting within the strike-slip borderlands adjacent to the bend. This hypothesis predicts that restraining bends may undergo an evolution from thrust-dominated to mixedmode and eventually to strike-slip dominated deformation due to either the growth of topography or the weakening of strike-slip borderland faults during progressive deformation.
